Strain A21 was isolated from special eco-environment in Tibet, China. First report on expression of P. polymyxa glucanase in industrial strain. Enhanced antifungal activity is due to synergy of three factors.
Introduction
Botrytis cinerea is a widespread phytopathogenic fungus that can cause gray mold rot or Botrytis blight of many vegetables, ornamentals, fruits, and even field crops throughout the world (Alfonso et al., 2000) . Chemical control of Botrytis is not effective and often associated with the appearance of resistant Botrytis sp. strains to these chemicals (Rosslenbroich and Stuebler, 2000) . Streptomyces lydicus strain A01 isolated from the soil of suburban vegetable field in Beijing, China, is capable of producing natamycin and chitinase, and has a significant inhibition effect on B. cinerea (Lu et al., 2008; Wu et al., 2013a,b) . Natamycin is a tetraene macrolide antibiotic widely used as a food preservative and fungicide in food, medicine, and veterinary products, and it has the potential to control plant fungal diseases in agricultural production (Ture et al., 2011; Currie et al., 1990; Lu et al., 2008; Wu et al., 2014a) . Pathogenesis-related (PR) proteins such as chitinases and glucanases can degrade fungal cell walls and play important roles in plant defence against pathogens, and are widely used as antifungal agents in plant protection (Errakhi et al., 2007; Shi et al., 2010; Park et al., 2012) . Paenibacillus polymyxa strains produce several antibiotics and hydrolytic enzymes, which play an important role in the biocontrol of plant pathogens (Deng et al., 2011; Ito and Koyama, 1972; Raza et al., 2009; Beatty and Jensen, 2002) .
In this study, we isolated a bacterial strain (A21) from the snow covered high altitude area in Tibet, China, that showed high antagonistic activity against several plant fungal diseases, especially gray mold diseases caused by B. cinerea. It displayed an obvious halo on lichen polysaccharides plates by congo red staining, indicating a strong glucanase activity. However, glucanase activity has not been detected in S. lydicus A01. Combining two biocontrol factors can have synergistic antifungal effects and thus enhance fungal resistance in plants or microorganisms. For example, combined expression of chitinase and b-1,3-glucanase genes in rice increased resistance against Rhizoctonia solani (Sridevi et al., 2008) . Heterologous expression of chitinase from Trichoderma harzianum in natamycin-producing strain S. lydicus A01 increased its antagonistic effect on B. cinerea and Fusarium oxysporum f. spp (Wu et al., 2013a,b) .
To improve the antifungal activity of S. lydicus A01, we cloned and expressed the glucanase gene from strain A21 under the S. erythraea ermE ⁄ promoter in S. lydicus A01, generating the recombinant strain S. lydicus AG01. We also investigated the glucanase activity and antifungal capacity of S. lydicus AG01, as well as its inhibitory effects on spore germination and mycelial growth of B. cinerea.
Materials and methods

Strains and plasmids
S. lydicus A01 (CGMCC 1653) was isolated from suburban vegetable field soil, and identified as S. lydicus based on the 16S rDNA sequences and phenotypic comparison (Lu et al., 2008) . The GenBank accession number for 16S rDNA of S. lydicus strain A01 is EF532323. Strain A21 (CGMCC 10708) was isolated from the snow covered high altitude area in Tibet, China. The fungal pathogen B. cinerea was deposited in the Institute of Plant and Environment Protection, Beijing Academy of Agriculture and Forestry Sciences, Beijing, China (Lu et al., 2008) . Escherichia coli strains DH5a and ET12567 (pUZ8002) were used as the cloning host and donor for conjugal transformation, respectively. The integration vector pIB139, which harbored the ermE ⁄ promoter from vector pSET152 containing U31 int and attP (Wilkinson et al., 2002) , was used to introduce glucanase gene into S. lydicus. Plasmid pUC19 was used for routine cloning and sub cloning experiments. Conjugation and regeneration were performed according to Kitani et al. (2000) and Paranthaman and Dharmalingam (2003) . The transformants were selected by 60 lg mL À1 apramycin and further confirmed by PCR analysis with the specific primers of glucanase gene. Synthesis of oligonucleotide primers and DNA sequencing of PCR products were performed by Invitrogen Biotechnology (China). Hyphal plugs (7 mm in diameter) were cut from a 3-day-old culturation of B. cinerea on PDA. Each plug was placed at the center of a PDA plate and incubated at 25°C for 1 day. Strain A21 was cultured on King's B modified medium agar at 25°C for 36 h, and then a single streak was inoculated onto both sides of the plug at a distance of 2 cm apart. The plug was further incubated in the dark at 28°C for 7 days.
Physiology and biochemistry
The physiological and biochemical features of A21 were determined using standard methods (Sneath 1986; Dong et al. 2001) . Utilization of different carbon sources and the assessment of saccharolytic activity were determined by standard methods (Dong et al. 2001) . The sources of carbon used were D-glucose, D-mannitol, D-lactose, D-galactose, D-Maltose, I-inositol, D-fructose, D-xylose, L-rhamnose, D-Glucitol, D-Cellobiose, L-arabinose, D-Mel ibiose, Sucrose, Glycerol, Raffinose and Trehalose. Carbon sources sterilized will be added to the basal medium to give a final concentration of 1% according to Shirling and Gottlieb (1966) .
PCR amplification of 16S rDNA from strain A21
Genomic DNA was prepared with a TIANamp Bacteria DNA Kit (Tiangen, Beijing, China). The primer sequences for the amplification and sequencing of the 16S rDNA genes were: 27F (5 0 -AGAGT TTGATCCTGGCTCAG-3 0 ) and 1525R (5 0 -AAAGGAGGTGATCCAGC C-3 0 ) ( Devereux and Willis, 1995) , which amplified a fragment of approximately 1458 bp. Fragments obtained were purified and sequenced.
Analysis of the antagonistic activity of strain A21 against B. cinerea
The antagonistic activity of strain A21 against B. cinerea was determined using a dual culture assay described by Ferreira et al. (1991) and Huang et al. (2014) . Hyphal plugs (7 mm in diameter) were cut from a 3-day-old cultivation of plant pathogen fungi on PDA. Each plug was placed at the center of a PDA plate and incubated at 25°C for 1 day. Strain A21 was cultured on King's B modified medium (Atlas, 1995) agar at 25°C for 36 h, and then a single streak was inoculated onto both sides of the plug at a distance of 2 cm apart. The plug was further incubated in the dark at 28°C for 7 days. Plates were checked for the presence of inhibiting zones, which were measured. Plates without inoculated bacteria were used as controls and each assay was performed with three plates, and all tests were repeated three times.
Construction of expression vector of Streptomyces with the b-1,3-1,4-glucanase gene from P. polymyxa A21
The primers gluF (5 0 -GGAATTCCATATGATGATGAAGAAGAAGTC TTGG-3 0 ) and gluR (5 0 -GCTCTAGACTAATTGCTCGTATATTTTACC-3 0 ) designed according to the sequence of endo-beta-1,3-1,4 glucanase gene of P. polymyxa strain SC2 (GenBank accession number: EU410619) were used to clone glucanase gene from P. polymyxa A21 (underlined nucleotides were added to introduce NdeI and XbaI sites for cloning). A 717 bp segment was verified by DNA sequencing and the PCR fragment was digested with NdeI/XbaI and ligated into NdeI/XbaI-digested pIB139 to generate pIBg139. The recombinant vector was introduced into S. lydicus A01 by intergeneric conjugation. The transformants were selected by 60 lg mL À1 apramycin and further confirmed by PCR analysis with the specific primers for glucanase gene.
Glucanase activity assay
Relative glucanase activity was examined by measuring the halo diameter of enzyme diffusion on agar plates containing substrate as described previously by Wu et al. (2014b) and Nguyen and Quyen (2010) . The fermentation for glucanase production and glucanase activity assay was conducted with 0.5% (w/v) lichen polysaccharides in 0.2 M acetic acid buffer (pH 5.0) according to Wu et al. (2014b) and Mandels et al. (1976) with minor modification. The amount of reducing sugars released in the reagent solution at 50°C for 10 min was measured at the wavelength of 540 nm (spectrophotometer UV-2500, Hewlett Package, USA). Glucose was used as the standard for the estimation of reducing sugars. One unit (U) of the glucanase activity was defined as the amount of enzyme required to release 1 lmol glucose per minute under experimental conditions.
Fermentation and analysis of natamycin
Spores (5 Â 10 7 ) of S. lydicus A01 and AG01 from PDA agar slant were inoculated into 50 ml of a seed culture medium (Wu et al., 2014a) , and incubated at 29°C for 24 h on a rotary shaker (250 rpm). The YSG medium (2.8% soybean flour, 0.7% yeast extract, 6% glucose) (Du et al., 2009 ) was used for natamycin production analysis according to Wu et al. (2014a) . Natamycin extraction and HPLC (Japan Analytical Industry Co., Ltd., Japan) analysis with C18 reverse phase column (LC-9101-JAIGEL-ODS, Japan) was carried out as described by Wu et al. (2014a) .
Chitinase hydrolysis activity assay
Chitinase hydrolysis activity was measured by the halo diameter of enzyme diffusion on the chitinase production medium (0.2% colloidal chitin, 0.4% NH 4 NO 3 , 0.05% K 2 HPO 4 , 0.05% MgSO 4 Á7H 2 O, 0.05% KCl, 0.001% FeSO 4 Á7H 2 O, and 2% agar). S. lydicus strains A01 and AG01 were cultured in the plate for 10 days and the diameters of the chitin hydrolysis zones were measured. Each treatment was performed in triplicate.
2.9. Assay of antagonistic effect on spore germination and mycelial growth of B. cinerea Two Oxford cups were placed on an agar plate containing 25 ml of PDA inoculated with B. cinerea spore suspension (5 Â 10 7 ) and individually loaded with 100 lL (100 Â diluted) 3-day-old fermentation supernatant of S. lydicus in YEME medium (0.3% yeast extract, 0.5% peptone, 0.3% malt extract, 1% glucose) (Aparicio et al., 2000) without sucrose. After incubation at 28°C for 5 days, the inhibition diameters of B. cinerea were measured. Each assay was performed three times. The antagonistic effects on spore germination and mycelial growth of B. cinerea were determined according to Wu et al. (2013a) with some modifications. Twenty-five milliliters of PDA medium, containing 2 ml 3-day-old fermentation supernatants of S. lydicus AG01 and the wild-type A01 in YEME medium without sucrose, were added into a 9 cm diameter Petri dish, while another petri dish contained 25 ml of PDA medium with 2 ml supernatant of un-inoculated fermentation broth as control (CK). The edges of the colonies after 3 d incubation were cut with a sterile scalpel and observed under the light microscope (Leica DMIRE2 microscope, Germany). Each treatment was performed in triplicate.
Statistical analysis
All experiments were conducted in triplicate. Data were presented as mean ± standard deviation (error bars) and analyzed using SPSS statistical software. The comparisons between different treatments were tested by ANOVA and bars with the same letters are not significantly different according to LSD test at P < 0.05.
Results
Taxonomic classification of strain A21
Strain A21 was positive for catalase, cellulose, methyl red, and Voges-Proskauer reactions. It could liquefy gelatin, hydrolyze casein and starch, and reduce nitrate to nitrite. It was negative for the production of indole, citrate utilization, oxidase and chitinase activity. It utilized most of tested carbon sources except I-inositol, D-fructose, D-xylose, L-rhamnose, and L-arabinose. Growth ranges for temperature, pH, and NaCl concentration are presented in Table 1 .
The cultural, biochemical and physiological characteristics of strain A21 are typical properties of species P. polymyxa. A 1458 bp 16S rDNA partial sequence of strain A21 was amplified and sequence comparison using BLAST suggested a close relationship with P. polymyxa. Phylogenetic analysis (Fig. 1 ) indicated that strain A21 was similar to P. peoriae, P. terrae AM141T, and P. kribbensis AM49, and was most closely related to P. polymyxa DSM 36T (99 % similarity). The consensus sequence of 16S rDNA was deposited in GenBank under accession No. KP268494.
3.2. Antagonistic activity of P. polymyxa A21 against B. cinerea P. polymyxa A21 showed high antagonistic activity against gray mold diseases caused by B. cinerea. After 7 days, the mean diameter of B. cinerea colonies inoculated with strain A21 was 17 mm and 78 mm in parallel for the control (Fig. 2) . Dual culture plates were incubated for a further 10 days, and B. cinerea did not overwhelm the bacterial colony, indicating a persistent inhibition.
3.3. Cloning and characterization of the glucanase gene in P. polymyxa A21 P. polymyxa strain A21 displayed an obvious halo on lichen polysaccharides plates by congo red staining, indicating a strong glucanase activity ( Fig. 3(A) ). A 717 bp ORF encoding 239 amino acids was obtained from strain A21, with primers designed according to the endo-b-1,3-1,4-glucanase gene from P. polymyxa SC2 (ABZ80848). BLAST analysis revealed that the ORF (239 aa), designated PglA, showed a 99% sequence identity to the endo-b-1,3-1,4-glucanase from P. polymyxa SC2 (ABZ80848), 85% sequence identity to the endo-b-1,3-1,4-glucanase from P. macerans (AY221029), and 84% sequence identity to that from B. macerans CICC-20649 (X55959). Phylogenetic analysis showed the close relationship between PglA and Paenibacillus genus b-1,3-1,4-gluc anases (Fig. 3(B) ). The sequences of pglA was submitted to GenBank with the accession No. KP268493.
3.4. Expression of the glucanase gene from P. polymyxa A21 on glucanase activity, natamycin production, and chitinase activity in the recombinant S. lydicus strain
The endo-b-1,3-1,4-glucanase gene from P. polymyxa strain A21 was cloned into the pIB139 vector to generate pIBg139, and the pIBg139 positive plasmid was identified via double-enzyme digestion. As shown in Fig. 3(A) , the pIB139 vector was 5922 bp in length, and the fragment of pglA gene was 717 bp (Fig. 4(A) ). Plasmid pIBg139 was transformed into S. lydicus A01, and positive transformants were selected by 60 lg mL À1 apramycin and further confirmed by PCR analysis with primers specific for pglA gene of P. polymyxa A21. The recombinant strain of S. lydicus A01 was named AG01. The initial glucanase activity verification of S. lydicus AG01 was assessed on lichen polysaccharides plates, and AG01 displayed an obvious halo compared to the wild-type strain A01 by congo red staining (Fig. 4(B) ). Glucanase activity was further detected in culture, and AG01 showed detectable activity at 3 h and the highest activity at 24 h ( Fig. 4(C) ). AG01 maintained a relatively steady high activity from 24 h (1.72 U/mL, 100%) to 120 h (1.52 U/mL, 88%). These findings suggested that the pglA gene from P. polymyxa A21 driven by ermE ⁄ promoter was expressed well in S. lydicus AG01.
On YSG medium, strain AG01 grew similarly as the wild-type stain A01, and it also produced similar level of natamycin (2.09 g/L) as A01 (1.99 g/L) after 72 h-fermentation (Fig. S1 ). The two S. lydicus strains also had comparable chitin hydrolysis zones, with 0.47 ± 0.1 cm for AG01 and 0.45 ± 0.1 cm for A01 after 10 days of culturation on the chitinase production medium (Fig. S2) . These results indicated that expression of pglA gene had no significant changes on cell growth, natamycin production, and chitinase activity of S. lydicus.
Control effect of S. lydicus on spore germination of B. cinerea
Control effect on spore germination of B. cinerea by the fermentation broth produced by strains AG01 and A01 under the same conditions were studied and the diameters of inhibition-zones were measured ( Fig. 5(A) and (B) ). The diameters of B. cinerea-inhibition zones produced by the fermentation supernatants of S. lydicus AG01 and A01 were 3.4 cm ± 0.26 cm and 2.2 cm ± 0.15 cm, respectively, and statistical analysis showed that the diameters of inhibition-zones for the fermentation supernatant of S. lydicus AG01 was significantly larger than that of the wild-type strain A01.
In addition, the B. cinerea spore germination was significantly inhibited when treated with fermentation supernatant of S. lydicus AG01. Nearly no B. cinerea mycelia were produced after incubation for 36 h with S. lydicus AG01, whereas B. cinerea spores with S. lydicus A01 treatment had a greater germination rate with longer mycelia. The B. cinerea spores of CK had a germination rate of almost 100% with long mycelia (Fig. 5(C) ). These results indicated that, comparing with the wild-type A01, S. lydicus AG01 had significantly improved the inhibition effect on spore germination of B. cinerea.
Control effect of S. lydicus on mycelial growth of B. cinerea
The colony diameters of B. cinerea cultured on PDA plates containing fermentation supernatants of S. lydicus AG01, A01 and CK, respectively, were measured on days 2-5. The colony diameter of B. cinerea on PDA plates containing the fermentation supernatant of S. lydicus AG01 was only 1.8 ± 0.17 cm, whereas that on plates containing the fermentation supernatant of S. lydicus A01 and control broth were 3.8 ± 0.16 and 5.4 ± 0.24 cm after incubation for 3 d, respectively (Fig. 6(A) and (B) ). The density of B. cinerea mycelia treated with fermentation supernatant of S. lydicus AG01 was much higher than that treated with S. lydicus A01 (Fig. 6(C) ). In comparison, the B. cinerea mycelia in the CK treatment were found to be sparse and free. These observations indicated that the inhibition to mycelial growth of B. cinerea by S. lydicus AG01 was strengthened as compared with the wild-type A01.
Discussion
S. lydicus is a potential biocontrol strain against several plant fungal diseases due to the production of natamycin (Lu et al., 2008; Wu et al., 2013a Wu et al., ,b,, 2014a . The wild-type strain A01 produces natamycin and exhibits chitinase activity, but shows no glucanase activity on lichen polysaccharides plates when tested by congo red staining. Combining different biocontrol factors can enhance fungal resistance in plants or microorganisms (Sridevi et al., 2008; Jongedijk et al., 1995; Wu et al., 2013a,b) . The transgenic tomato plants with both chitinase and glucanase showed enhanced resistance against infection with F. oxysporum f. sp. lycopersici, whereas transgenic tomato plants constitutively expressing either one of these genes are not significantly protected (Jongedijk et al., 1995) . P. polymyxa is the plant growth-promoting rhizobacteria (PGPR) (Khan et al., 2008) that can produce antimicrobial metabolites to control plant pathogens (Kajimura and Kaneda, 1996) . Antimicrobial effects in P. polymyxa are dependent on production of antibiotics and hydrolytic enzymes (Deng et al., 2011; Ito and Koyama, 1972; Raza et al., 2009; Beatty and Jensen, 2002) . A new strain A21, isolated from the snow covered high altitude area in Tibet, China, was identified as P. polymyxa by physiological, biochemical characteristics and 16S rDNA gene analysis. It has a significant inhibitory effect on gray mold diseases caused by B. cinerea and a strong glucanase activity. In this study, we expressed the endo-b-1,3-1,4-glucanase gene of P. polymyxa A21 in industrial strain S. lydicus A01, and the results showed that the recombinant strain AG01 had significantly enhanced the antifungal activity of S. lydicus. Our work demonstrates that it is a feasible way to develop high-quality antifungal bioagents by transforming exogenous resistance genes into industrial strain.
The endo-b-1,3-1,4-glucanase of P. polymyxa had been investigated and shown special industrial applications in brewing industry and poultry husbandry (Buliga et al., 1986; Choct, 1997; Bamforth and Martin, 1983) . Few researches about the antimicrobial activity by endo-b-1,3-1,4-glucanase of P. polymyxa were reported. For example, Yao et al. (2004) reported that P. polymyxa b-1,3-1,4-glucanase has inhibitory effect against Pyricularia oryzae. Wen et al. (2010) expressed the antimicrobial b-1,3-1,4-glucanase of P. polymyxa in E. coli, and the recombinant b-1,3-1,4-glucanases displayed significant inhibition on the mycelium growth of tested fungus, such as Colletotrichum musae and F. oxysporum Schl. f. sp. Cubense. Recombinant b-1,3-1,4-glucanase of Bacillus Mojavensis 1A00437 had no activity on Magnaporthe oryzae, but could inhibit R. solani and R. solani kühn efficiently (Zuo et al., 2014) . The different antagonist activity to pathogenic fungi may be due to the specificity for enzyme constitution and substrate of b-1,3-1,4-glucanase of different strains. However, there are no reports on the heterologous expression of P. polymyxa endo-b-1,3-1,4-glucanase in industrial production strains as well as its antagonist activity against B. cinerea. Thus, this study provides a new application for endo-b-1,3-1,4-glucanase of P. polymyxa in the field of biological control.
Conclusions
To improve the antifungal activity of S. lydicus A01, the b-1,3-1,4-glucanase gene from P. polymyxa A21 isolated from the snow covered high altitude area in Tibet, China, was cloned and express efficiently in S. lydicus A01. The engineered S. lydicus AG01 showed high glucanase activity and improved antagonistic effect on B. cinerea compared with the wild-type strain A01, including enhanced inhibition to B. cinerea spore germination and mycelial growth. The stronger antifungal activities of S. lydicus AG01 likely resulted from the combination of natamycin production, glucanase activity, and chitinase activity of the strain.
